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INTRODUCTION

The MCEF-7 cell line was established in 1973 from a pleural effusion of a patient with
metastatic breast carcinoma previously treated with radiation and hormonal therapy (1).
Since that time this cell line has become a model system of estrogen receptor-positive breast
cancers (2). Previous studies suggest that MCF-7 cell line variants possess intrinsic -
differences in estrogen responsiveness and proliferation rates. Osbourne et al. reported that
MCEF-7 cells obtained from different laboratories varied in proliferation rates, estrogen
receptor (ER) and progesterone receptor (PgR) levels, estrogen and antiestrogen responses,
and tumorigenicity (3). Klotz et al. showed that different stocks of MCF-7 cells displayed
different levels of variant ER mRNAs, which correlated with their differential response to
estrogen stimulation (4). Different MCF-7 variants tested by Villalobos et al. exhibited
different responses to 17B-estradiol-induced proliferation and expression of the estrogen
responsive genes pS2 and cathepsin-D (5). These reported variations in MCF-7 cells could
potentially lead to contradictory results depending on the origin of the variant of MCF-7
cells studied.

Apoptosis and apoptotic signaling have recently been examined in MCF-7 cells in
response to a number of stimuli including okadaic acid, staurosporine, Fas, retinoic acid,
vitamin D analogues, 4-hydroxy-tamoxifen, ceramide analogues, hormone withdrawal and
various chemotherapeutic drugs (6-15). TNF-a is also an effective inhibitor of proliferation
and inducer of apoptosis in MCF-7 cells (7,8,16,17). In other studies, MCF-7 cells
reportedly responded only weakly to TNF-o. (18- 21). MCF-7 cells made resistant to
TNF-o. by continuous passaging in increasing concentrations of TNF-a, express decreased
levels of TNFR and do not activate sphingomyelinase (SMase) or phospholipase A, (PLA,)
with TNF-o treatment (17). The reported differences in sensitivity of MCF-7 cells to
TNF-o and potentially other apoptotic inducing agents raised the possibility that variations
in MCF-7 cell strains among laboratories may account for these discrepancies.

The effects of TNF-o are mediated through two distinct but related plasma
membrane receptors, P55 (TNFR1) and P75 (TNFR2). Both receptors generate distinct
biological effects with the cytotoxic effects of TNF-o being primarily mediated through
TNFR1 (22,23) . Although these receptors share limited cytoplasmic homology they
activate some overlapping signaling cascades, such as NF-«xB, via recruitment of specific
signaling intermediates to the cytoplasmic domains (22,23). In the case of TNFR1, TNF-o
ligation results in association of TNFR1-associated death domain protein (TRADD) (24)
which then recruits TNFR-associated protein 2 (TRAF2), Receptor interacting protein
(RIP)(25) and Fas-associated death domain (FADD/MORT1) (26). FADD/MORT1
association with the receptor is followed by association of FLICE/MACH1 with the
TNFR1 complex (27,28). Subsequent to formation of this protein complex, activation of
several signaling cascades including PLA2, SMase, NF-kB, stress activated protein
kinases and apoptotic proteases occurs (22,23). Activation of SMase resulting in ceramide
formation event in the apoptotic signaling cascade (29,30). MCF-7 cells have been shown
to activate sphingomyelinase in response to TNF-o and undergo apoptosis when exposed
to water soluble ceramide analogues (17). Additionally, studies of acidic SMase knock-out
(KO) mice have shown that ceramide generation may be required for apoptosis by TNF-o
and other inducers in some cell types (31). Caspase activation is also thought to represent
an early event in TNF-o. cell death signaling. The death domain containing protein,
FLICE/MACH 1/caspase-8, possesses an ICE-like protease domain that becomes activated
upon association with the TNFR1-TRADD-FADD complex. Activation of FLICE is
thought to then result in subsequent activation of ICE/caspase-1 and CPP32/caspase-3
(32,33). Therefore both ceramide generation and protease activation represent potential
regulatory points of TNF-a-induced apoptotic signaling.

The Bcl-2 family of proteins comprises a number of related proteins whose
expression has been shown to regulate apoptosis (34,35). This family includes anti-
apoptotic members (Bcl-2, Mcl-1, Bcl-X| ) and pro-apoptotic members (Bax, Bcl-X, Bak)
whose individual expression and heterodimerization with each other is believed to regulate

RS 10980924 (33




the sensitivity of cells to apoptosis. Although the actual biochemical function of these
proteins has yet to be completely elucidated, these proteins act upstream of caspase
activation through regulation of cytochrome c release from the mitochondria (36,37).

This study tests directly whether variants in the phenotype of MCF-7 cells may
explain reported differences in susceptibility to apoptosis induced by TNF-o. and other
agents. The molecular mechanisms for these observations are dissected by examining
several events in TNF-o’s signal transduction cascade including TNFR expression,
sphingomyelinase and caspase activation as well as expression of specific members of the
Bcl-2 family of proteins.

 Evidence is accumulating that steroid hormones regulate apoptosis in hormone-
responsive tissues. Both prostate and breast epithelial cells undergo apoptosis upon
removal of testosterone and estrogen, respectively (50-52). This dependence upon
hormone for survival and proliferation extends to neoplasms arising from these tissues.
The MCF-7 breast cancer cell line has been shown to form tumors in nude ovariectomized
mice only in the presence of estrogen. Upon removal of estrogen the tumor cells begin to
undergo apoptosis leading to tumor regression (53). Additionally, two recent studies have
shown that pretreatment of MCF-7 cells grown in vitro with estrogen reduces the induction
of apoptosis by cytotoxic drug treatment as well as tamoxifen (54,55). These studies
provide evidence that estrogens play a role in both tumorigenesis, as well as drug
resistance, through reduction of apoptosis.

In addition to estrogen, a class of compounds referred to as environmental
estrogens has recently been suggested to play a role in breast cancer (56,57,58). These
compounds represent natural or synthetic chemicals that can mimic the activity or effects of
endogenous estrogens. The potential exists that these compounds, acting through the
estrogen receptor, can affect the apoptotic pathways of estrogen responsive cells. Certain
organochlorine compounds have been shown to act as environmental estrogens by causing
developmental defects in different animals (59). The heavy use of these compounds as
herbicides and insecticides, combined with their long half-lives, make them ubiquitous
contaminants in our environment (60). Several recent papers have shown that
organochlorine compounds, including DDT, endosulfan and alachlor, act like estrogen and
are capable of binding to the estrogen receptor (ER), causing transcription from estrogen
response elements (EREs) in DNA, and causing proliferation of MCF-7 cells in vitro
(61,62). Although these compounds may possess only weak estrogenic activity as
compared to estrogen, their ability to bioaccumulate and biomagnify may allow them to
elicit significant estrogenic effects in hormone responsive tissues. With mounting evidence
for the role of estrogen in apoptosis, we suggest that these environmental estrogens can act
like endogenous estrogen to inhibit apoptosis.

Several recent reports now show that one mechanism by which estrogens may
affect apoptosis is through the increased expression of Bcl-2, a member of a family of
apoptosis regulating proteins. Bcl-2 was discovered in 1985 as a gene product
overexpressed in non-Hodgkin’s B-cell lymphomas as compared to normal B cells because
of the translocation breakpoint between chromosomes 14 and 18 (63). Unlike other typical
oncogenes, Bcl-2 was found to possess an unusual mechanism of action, in that it is
involved in the inhibition of cell death pathways (64). Since its initial discovery, Bcl-2 has
been found to be expressed at high levels in many cancer types and cancer cell lines and is
associated with both tumor progression and drug resistance (65,66). Clinical studies have
now linked high expression of Bcl-2 to a poor prognosis in cancer treatment (66,67). The
discovery of several Bcl-2 related proteins such as Bcl-x;, Mcl-1, and Bag-1, that are also
involved in the cell death process, suggests that the regulation of apoptosis is critical to
normal cell and tissue function (68-70). Another group of Bcl-2 related proteins including
Bax, Bcl-x4, Bak, and Bad were discovered and found to act as pro-apoptotic factors (71-
73). Although the mechanism by which these factors regulate apoptosis is not completely
understood, it is known that these factors do dimerize with one another and increased levels
of the anti-apoptotic members of this family protect cells against many forms of cell death.




MATERIALS & METHODS

Cell Culture. MCF-7 cell variants M and L were a gift from Stephen M. Hill (Tulane
University). The MCF-7 M cell variant (passage 180) originated from the laboratory of the
late William McGuire (University of Texas). The MCF-7 L cell variant (passage 40)
originated from the laboratory of Marc Lippman (Georgetown University). MCF-7 N cell
variant (passage 50) is a subclone of MCF-7 cells from American Type Culture Collection
(Rockville, MD) generously provided by Louise Nutter (University of Minnesota). All
MCEF-7 cells were routinely maintained and grown in DMEM supplemented with 10%
FBS, BME amino acids, MEM amino acids, L-glutamine, penicillin/streptomycin, sodium
pyruvate (GibcoBRL, Gaitherburg MD) and porcine insulin 1x10"°M (Sigma Chemical
Co., St. Louis MO).

Compounds treated with. 17f-estradiol was purchased from Amersham Corporation
(Arlington  Heights, IL), o,p’ DDT [1,1,1-trichloro-2-(p-chlorophenyl)-2-(o-
chlorophenyl)ethane] was purchsed from Sigma Chemical Co. (St. Louis, MO), Alachlor
[2-chloro-N-(2,6-diethylphenyl)-N-(methoxymethyl)acetamide] was purchased from
AccuStandard (New Haven CT).

Prollferatlon and Viability Assay. MCF-7 cells were plated at 5.0x10* cells/ml in

10 cm?® wells. The cells were allowed to adhere for 18 hours before treatment with
recombinant human TNF-o (10ng/ml) (R&D systems, Minneapolis MN). Cells were then
counted at 24, 48 and 72 hours post-treatment. The results are represented as the number
of viable cells/ml as measured by trypan blue exclusion. MTS viability assay (Promega)
was performed according to manufacturer’s protocol.

DNA Fragmentation Analysis. Followmg treatment, cells were harvested for DNA as
described previously (38). Briefly, 1-2 x10° cells were pelleted and resuspended in lysis
buffer [10 mM Tris-HCI, 10 mM EDTA, 0.5% SDS(w/v) pH 7.4] to which RNAse A
(100 pg/ml) was added. After incubation for two hours at 37°C, proteinase K (0.5 mg/ml)
was added and the lysates were heated to 56°C for 1 hour. NaCl was then added (final
concentration, 1M) and lysates were incubated overnight at 4°C. Lysates were centrifuged
at 15,000 X g for 30 minutes, and nucleic acids in the supernatant were precipitated in two
volumes of ethanol with 50 mM Na acetate. Isolated DNA was then separated by
electrophoresis on 1.5 % agarose gels for two hours and visualized by ethidium bromide
staining.

Western Blot Analysis. MCF-7 cells were grown for two days as described above and
then 5 x10° cells were harvested in sonicating buffer (62.5 mM Tris-HCI, pH 6.8, 4%
(w/v) SDS, 10% glycerol. 1 mM phenylmethylsulfonyl fluoride (PMSF), (25 mg/ml
leupeptin, 25 mg/ml aprotinin) and sonicated for 30 seconds. Following centrifugation at
1,000 x g for 20 minutes, 50 ug of protein was resuspended in sample loading buffer (62.5
M Tris-HCI, pH 6.8, 2% (w/v) SDS, 10% glycerol, 5% B-mercaptoethanol, 0.01%
bromophenol blue), boiled for 3 minutes and electrophoresed on a 15% polyacrylamide
gel. The proteins were transferred electrophoretically to a nitrocellulose membrane. The
membrane was blocked with PBS-Tween (0.05%) - 5% lowfat dry milk solution at 4°C
overnight. The membrane was subsequently incubated with rabbit antisera (anti-Bcl-2
1:4000 dilution, anti-Bax 1:4000, anti-Bcl-X 1:1500, anti-Mcl-1 1:2000 and anti-Bak
1:1000) or with mouse anti-PARP specific monoclonal antibody 1:5000 (Pharmingen, San
Diego, CA ) and incubated for 2 hours at room temperature. Blots were washed in PBS-
Tween solution and incubated with goat anti-rabbit antibodies conjugated to horseradish
peroxidase (1:30,000 dilution; Oxford, Oxford, MI) or with goat anti-mouse antibodies
conjugated to horseradish peroxidase (1:5000 dilution; Oxford, Oxford, MI) for 30 minutes
at room temperature. Following four washes with PBS-Tween solution, immunoreactive
proteins were detected using the ECL chemiluminescence system (Amersham, Arlington
Heights, IL) and recorded by fluorography on Hyperfilm, according to the manufacturer’s
instructions. Fluorograms were quantitated by image densitometry using the Molecular
Analyst program for data acquisition and analysis (BioRad).



Flow Cytometry. Flow cytometric anal6ysis of TNFR1 and TNFR2 was performed as
described by Cai et al. (17). Briefly 1x10° cells were harvested in PBS-EDTA and washed
in 50% normal goat serum @ 4°C for 15 min. Cells were washed in PBS-FBS (PBS with
1% FBS added) and incubated with mouse anti-TNF-o receptor antibodies (anti-TNFRp55
htr-9, anti-TNFRp75 utr-1: BACHEM Inc. (King of Prussia, PA)) 10 pg/ml in PBS-FBS
@ 4°C for 60 min. Following this cells were washed 3X in PBS-FCS and incubated with
PE-conjugated goat anti-mouse IgG (1:40 dilution) in PBS-FBS @ 4°C for 2 hours. Cells
were washed 3X in PBS-FBS and analyzed using a Becton Dickenson FACStar flow
cytometer. Excitation was at 488nm (100mW) using a Coherent 6W Argon-ion LASER.
For each cell, emission was measured using a photomultiplier with a 585 + 42 nm band
pass filter for phycoerythrin. Data were collected as 2,000 events list mode files and
analyzed using LYSIS II [Becton-Dikenson, Mountain View, CA] software. Data represent
duplicate counts of 2 x 10° cells and statistical comparisons were made by Kolgomorov-
Smirnoff summation curves (39). Background fluorescence was determined using cells
either unstained or stained using non-specific mouse anti-o. p65 mAb (a kind gift of
Kathleen Buckley, Department of Neuroscience, Harvard Medical School, Boston, MA).
Fluorescence Microscopy. For fluorescence microscopy, MCF-7 cells were seeded at
at 1 x 10° cells/ml in 10 cm? wells and treated with TNF-a (10 ng/ml) for 48 hours.
Samples were harvested, pelleted and fixed in a solution of 10% formalin for 10 min, then
washed with PBS and resuspended in a solution of propidium iodide in PBS (50 pg/ml).
Cells were transferred to slides and visualized using a Zeiss Axioscope fluorescence
microscope (Carl Zeiss ,Inc., Thornwood, NY) with appropriate filters.

Analysis of Ceramide. Ceramide was quantified by the diacylgycerol (DAG) kinase
assay as P incorporated upon phosphorylation of ceramide to ceramide-1-phosphate by
DAG kinase as described previously (40). Briefly, MCF-7 cells were treated with or
without TNF-a (10 ng/ml) for the times indicated, washed in PBS and fixed in ice cold
methanol. after extraction of the lipid, ceramide contained within the organic phase extract
was resuspended in 20 pl of 7.5 % a-octyl-B-glucopyranoside/ SmM cardiolipin/ 1mM
diethylenetriamine pentaacetic acid (Sigma Chemical Co.). Thereafter, 40 pl of purified
DAG kinase in enzyme buffer (20 mM Tris-HCL, 10 mM dithiothreitol, 1.5 M NaCl, 250
mM sucrose and 15% glycerol, pH 7.4) was added to the organic phase extract. [y-
32pP)ATP (20 ul 10 mM; 1000 dpm/pmol), in buffer, was added to start the reaction. After
30 min at 22 °C, the reaction was stopped by extraction of lipids with 1 ml of
chloroform:methanol:hydrochloric acid (100:100:1, v/v). Buffered saline solution (170 pl;
135 mM NaCl, 1.5 mM CaCl,, 0.5 mM MgCl,, 5.6 mM glucose, and 10 mM Hepes, pH
7.2) and 30 pl of 100 mM EDTA were added. The lower organic phase was dried under
N,. Ceramide-1-phosphate was resolved by TLC using CHCl,:CH,OH:acetic acid
(65:15:5, v/v) as solvent, detected by autoradiography, and the incorporated *’P was
quantified by phosphoimaging (Fugi BAS1000, Fugi Medical Systems, USA). The level
of ceramide was determined by comparison to a concomitantly run standard curve
composed of known amounts of ceramide.



Results

Using three MCF-7 cell variants (M, L and N) from established laboratories, we
compared the effect of TNF-o on proliferation and viability. Under control conditions
different basal proliferation rates were observed among cell variants with doubling times of
30.8, 45 and 28.6 hours for the M, L and N cells, respectively (Fig. 1). The addition of
TNF-o. (10 ng/ml) to the medium inhibited basal proliferation in all three variants in a time
dependent manner. The most striking effect was observed in MCF-7 N cells in which the
number of viable cells/ml decreased by 50% from control by 24 hours. In the TNF-a
treated samples trypan blue staining indicated that MCF-7 M cells retained greater than 90
% of viability compared to control on days 1 and 2, and 80% on day 3, whereas the
viability of the TNF-o treated MCF-7 N cells was 52, 31 and 32 % of control on days 1,2
and 3. MCF-7 L cells treated with TNF-o were 97, 86 and 51 % viable on days 1,2 and 3
(Fig. 2). Additionally, MTS viability assay revealed a dose dependent effect of TNF-o.
(0.1-10 ng/ml) on MCEF-7 cell variant viability and proliferation (data not shown).
Consistent with the literature, 10 ng/ml was the optimal dose for both induction of cell
death (MCF-7 N) and inhibition of proliferation (MCF-7 M,L) (17). These results suggest
that MCF-7 N cells are highly sensitive to TNF-o-induced cytotoxic effects. While the
MCEF-7 M cells were resistant to the cytotoxic effect of TNF-a they still retained their
sensitivity to TNF-a’s anti-proliferative effect. TNF-o treatment of MCF-7 L cells resulted
in inhibition of proliferation and a delayed cytotoxic effect.
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Fig 1 ‘

Effects of TNF-o on proliferation of MCF-7 cell variants. Each MCF-7 cell
variant was plated in DMEM with 10% FBS alone or in the presence of 10 ng/ml TNF-c.
Cells were harvested and counted at 24, 48 and 72 hours to determine number of viable
cellls/ml. Error bars represent standard deviation for duplicate experiments performed in
triplicate.




To determine if the rapid loss of viability in the MCE-7 N variant upon TNF-o
treatment was due to apoptosis, DNA fragmentation analysis was performed. As expected
from their retention of viability, the MCF-7 M variant did not undergo apoptosis in
response to TNF-a treatment (Fig. 3). However, TNF-o treatment resulted in DNA
fragmentation as early as 24 hours in the MCF-7 N variant and moderate DNA
fragmentation in the MCE-7 L stock by 72 hours. These differences were confirmed by
fluorescence microscopy (Fig. 4). Condensed nuclei were observed in TNF-o treated
MCF-7 N cells at 48 hours and as expected were absent in the MCF-7 M and L variants.
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Fig 2
Effects of TNF-o on MCF-7 cell viability
Percent cell death as measured by trypan blue staining at 24, 48 and 72 hours of TNF-a

treatment in MCF-7 cell variants M,L. and N. Error bars represent standard deviation for
three experiments. Absence of error bars represents less than 3 % error between replicates
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N

Fig 3
TNF-o induced DNA fragmentation of MCF-7 cells. Analysis of DNA

fragmentation of MCF-7 cell variants M,L and N by agarose gel (1.5%) electrophoresis at
24,48, and 72 hours after treatment with TNF-o (10ng/ml).
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Control TNF

N

Fig 4

TNF-o induced Apoptosis of MCF-7 cells. Nuclear staining with 50 pg/ml
propidium iodide revealed distinct nuclear condensation of MCF-7 N variant (arrows) but
not M and L variants after 48 hours of treatment with 10ng/ml TNF-c.
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TNFR expression was analysed by flow cytometry with antibodies specific for
TNFR1 (p55) or TNFR2 (p75). In figure 5. each curve is a frequency histogram of
measurements on 2000 individual cells with the number of cells in each of 1024
fluorescence channels displayed on a log scale. In each panel the histogram obtained with
the specific p55 or p75 antibody (dark lines) is overlaid with the curve derived from a non-
specific antibody to an irrelevant protein (gray lines). TNFR1 expression was determined
to be 89 % and 67 % lower in the MCF-7 L. and M cells as compared to the N cells. This
finding suggests that the resistance of MCF-7 M cells may be due to their decreased
expression of TNFR1. Similar levels of TNFR1 between the MCF-7 L and N cells
suggest that other differences may account for altered sensitivity to apoptosis. All three cell
variants expressed similar levels of TNFR2 (p75).
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Fig 5

Analysis of TNF-a receptor expression in MCF-7 cells. MCF-7 M, L and N
cells (1 x 10°%) were detached in PBS-EDTA, washed in PBS X3 and stained with
antibodies specific to TNFR1 (p55) and TNFR2 (p75), respectively (dark lines) or with
non-specific antibodies to a-p65 (gray lines). Each panel is a frequency histogram
depicting measurements on 2,000 individual cells.
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Ceramide generation represents an early downstream event of TNF-o induced
signaling in numerous cell lines including MCE-7 cells (17,29,30). Ceramide also
represents a key intermediate in the transduction of apoptotic signals from TNF-o as well
as Fas, chemotherapeutic drugs and y-radiation (29,30). The ability of water soluble
analogues of ceramide to induce apoptosis in MCF-7 cells further implicates ceramide as an
important component in apoptotic signaling. TNF-o induced ceramide generation was
analyzed in the three MCE-7 cell variants to determine if differences in sphingomyelinase
activity can account for the differential sensitivity to TNF-a induced apoptosis. A rapid
and transient increase in ceramide production was observed in the MCF-7 N variant
reaching a maximal level of 5.5 + 0.56 fold over control at 15 minutes with TNF-a. (Fig.
6), whereas a 1.73 £ 0.37 and 1.42 + 0.22 fold maximal increase in ceramide levels was
observed in the M and L variants respectively at 15 minutes. All three cell variants
possessed similar basal amounts of ceramide. Despite minimal expression of TNFR1 the
MCEF-7 M cells still responded, although weakly to TNF-a’s ability to generate ceramide.
Of interest is the finding that MCF-7 L cells which generated the lowest levels of ceramide,
displayed similar levels of expression of TNFR1 as the apoptosis-sensitive MCF-7 N
cells.
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Fig 6

Ceramide generation in MCF-7 cell variants with TNF-a treatment.

4 x 10 MCF-7 M,L and N cells were treated with TNF-o. (10 ng/ml) for time shown
above. Cells were harvested in ice cold methanol; lipid extraction and ceramide assay were
performed as described in “Materials and Methods”. Ceramide generated represents fold
change over control in ng of ceramide per mg of protein with error bars representing the
standard deviation of three independent experiments performed in duplicate.
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The caspase family of proteases represents critical signaling intermediates and
effectors of the apoptotic program (23,32,33). PARP is a proteolytic substrate for Asp-
Glu-Val-Asp (DEVD) specific caspases including caspase-3/CPP32 and caspase-
7/Mch3/ICE-LAP3. Cleavage of PARP from its 116 kDa precursor to its 29 and 85 kDa
subunits is indicative of apoptosis and is a useful tool for the measurement of the time
course of caspase activity (32,33). Western blot analysis revealed caspase activity as early
as 3 hours in the TNF-a: sensitive N cells (Fig. 7). PARP cleavage in the moderately TNF-
a sensitve MCF-7 L cells was observed only at 6 hours and was not observed in MCF-7
M cells.

TNF-o (Hours)
O1 2 3460

Fig 7

Western blot analysis of PARP cleavage in MCF-7 cell variants

MCF-7 M,L and N cells (2 X 10%)were treated with TNF-o (10 ng/ml) for 1,2,3,4 and 6
hours. Cells were then harvested in PBS-EDTA and assayed for PARP cleavage as
desrcibed in “Materials and Methods”.
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Bcl-2 proto-oncogene expression imparts considerable resistance to apoptosis

- induced by a variety of stimuli (34,35). The relative expression of various members of the
Bcl-2 family of proteins was analyzed in the three MCF-7 stocks by Western blot analysis
(Fig. 8). Bcl-x, Mcl-1 and Bak protein expression was not appreciably different in the
three stocks. However striking differences were observed in the expression of Bcl-2 and
Bax. Bcl-2 expression was 3.8 and 3.5 times higher in the two apoptosis-resistant cell
variants MCF-7 M and L, respectively as compared to MCF-7 N. Bax expression was
found to be 1.7 and 1.5 fold higher in the apoptosis-sensitive MCF-7 N variant as

compared to MCF-7 M and L variant.

S e

Bel-2

Bax

Bel-X,
Mcl-1
Bak

Fig 8

Expression of Bcl-2 family of proteins in MCF-7 cell variants. MCF-7 cell
variants M,L and N were grown for 2 days in normal media and harvested for western blot
analysis as described in “Materials and Methods” for expression of Bcl-2, Bax, Bak, Bcl-x
and Mcl-1.
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Inhibition of TNFa induced cell death by estrogen, o,p’-DDT and alachlor. Trypan blue
viability assays illustrate that E, (1 nM), DDT (100 nM) and alachlor (1 mM) suppressed
TNFo-induced apoptosis in MCF-7 cells by approximately 30%, 31%, and 23%,
respectively (Fig. 9).

80 -
ol

60 L

M TNF-o (10 ng/ml)
+ estrogen (1 nM)
+ 0,p’DDT (100nM)
#@ + alachlor (1uM)

50 ¢
40

30

Percent Viability

20 L

10 |

Fig. 9. MCF-7 cells previously grown for S days in DMEM with
5% charcoal stripped FBS, were plated out in T-25 flasks and treated with
the various estrogenic compounds as shown above 24 hr prior to treatment
with TNFo (10 ng/ml). Cell survival was then measured at 48 hr using
trypan blue viability and represented as relative change in viability as
compared to control. Each point represents the mean of 5 experiments with
500 cell counts each.

Inhibition of TNFo-induced DNA fragmentation by estrogen, o,p’-DDT and
alachlor. As shown in Figure 6, E, ,DDT and alachlor were capable of decreasing TNFa-
induced apoptosis as visualized by DNA ladder.

TNF 4+
DDT Al

ko

MW C TNF

Fig. 10. Effects of environmental estrogens on TNFa-induced apoptosis.
MCF-7 cells were grown in DMEM with 5% charcoal stripped FBS and
treated with 1 nM B-estradiol (E,), 100 nM o,p'-DDT (DDT) or 1mM
alachlor (Ala) for 24 hr prior to induction of apoptosis with TNFa.
Following treatment, cells were harvested for DNA isolation at 48 hours.
Isolated DNA was then separated on a 1.5% agarose gel for visualization.
100 bp molecular weight marker (MW) is shown in lane 1.
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Bcl-2 protein expression, which often correlates with protection from
apoptosis, is shown in Figure 11. In the presence of E, (1 nM), Bcl-2 protein expression
increased as compared to control cells. A specific ER antagonist, ICI 182,780 blocked the
up-regulation of Bcl-2 induced by E, (1 nM). o,p’-DDT (100 nM) and alachlor (1 mM)
increased Bcl-2 expression much like E, did, and the effects appear to be ER mediated, as
illustrated by their inhibition by the ICI compound. These results suggest that at least two
environmental chemicals, DDT and alachlor, can increase Bcl-2 in MCF-7 cells just as E,
does, and that their effects are ER mediated.

Con
E2
E2+
ICl
ICI
DDT

Fig. 11. Effects of environmental estrogen exposure on Bcl-2
expression in MCF-7 cells. MCF-7 cells were grown in 5% charcoal
stripped media for 5 days. Cells were treated as shown above and
harvested 48 hr later. The pure anti-estrogen ICI 182,780 was used as a
specific inhibitor of ER. Bcl-2 protein content was determined using
Western blotting and probing with Bcl-2 specific anti-sera.
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DISCUSSION

Reported discrepancies exist concerning the apoptotic responses of MCF-7 cells to TNF-a.
and anti-Fas antibody treatment. Several studies have indicated that MCF-7 cells readily
undergo apoptosis in response to TNF-o and anti-Fas (7,8,17). However, some reports
have indicated that TNF-o and Fas only weakly induce apoptosis in MCF-7 cells (18-21).
Others have shown that the cytotoxic versus the cytostatic effects of TNF-o depend on the
media and serum conditions used to culture the MCFE-7 cells (41). We report that under
identical culture conditions variations in apoptotic responses exist among three different
MCEF-7 cell strains obtained from established laboratories (M, L and N). It was
determined that proliferation of all three variants was inhibited by TNF-a,, with the cell
number of the MCF-7 N variant decreasing below control in parallel with a decrease in
viability. The loss of viability in TNF-a-treated MCF-7 N cells was due to an induction of
apoptosis observed as early as 24 hours, while the MCF-7 L cells appeared moderately
sensitive to the apoptotic effects of TNF-o only at 72 hours. MCF-7 M cells were sensitive
to the anti-proliferative effect of TNF-o but were resistant to TNF-a’s cytotoxic effects.
Examination of TNFR expression revealed a similar expression of p75 TNFR2 among all
three cell variants. The p55 TNFRI receptor was expressed at the highest levels in MCF-7
N cells and MCF-7 L cells, while MCF-7 M cells expressed the lowest levels of TNFR.
The decreased expression of TNFR1 in MCF-7 M cells may account for their lowered
sensitivity to TNF-o apoptosis as well as lowered generation of ceramide and protease
activity. This however does not explain MCF-7 M cell sensitivity to the TNF-o. anti-
proliferative effect. It is possible that despite lowered expression, TNFR1 or even TNFR2
may provide the anti-proliferative signal in these cells. Given ceramide’s role in inhibition
of proliferation the 1.7 fold increase in ceramide in the M cells may be sufficient for
suppression of cell proliferation but insufficient to induce apoptosis. We cannot rule out
the possibility that altered expression or activation of TRADD, FADD, FLICE or other
proteins in the TNF signaling cascade may account for the inability to activate apoptosis in
the M cells.

Examination of several members of the Bcl-2 family of apoptosis-regulating
proteins suggests that the intrinsic resistance of the M cells and the delayed apoptotic DNA
laddering and protease activation in the MCF-7 L cells as compared to the N variant was
correlated with higher expression of Bcl-2 and lower expression of Bax. Many studies
confirm that an increase in expression of Bcl-2 correlates with resistance to apoptosis
induced by a number of agents (34,35). Contradictory reports however exist as to the
ability of Bcl-2 or Bel-X, expression to inhibit TNF-o induced apoptosis in MCF-7 cells.
Vanhaesebroeck et al. showed that overexpression of Bcl-2 in MCF-7 cells failed to offer a
survival advantage to treatment with TNF-a (42). Conversely, Jaattella et al. showed that
overexpression of Bcl-2 and Bcl-X| was correlated with an increased resistance to TNF-o,
apoptosis (43). Again these reported differences may be due to the individual MCF-7 cell
variants used by each laboratory and potentially the variations in constitutive expression of
other members of the Bcl-2 family, such as Bax. Overexpression of Bax or Bcl-X; in
MCEF-7 cells resistant to chemotherapeutic drug treatment, serum starvation and Fas
induced apoptosis has been shown to sensitize these cells to induction of apoptosis (44-
46). Thus, cells expressing high levels of Bax may not be as resistant to apoptosis even
when over-expressing Bcl-2. The Bcl-2 family of proteins may, however, not account for
all of the differences in apoptotic sensitivity reported here. Both the M and L stocks
express similar levels of Bcl-2, Bax, Bak, Bcl-x and Mcl-1, but the L cells undergo
apoptosis in response to TNF-o. whereas the M cells are resistant suggesting that other
differences within variants of MCF-7 cells will affect the anti-apoptotic role of Bcl-2.
Reports have indicated that Bcl-2 does not block ceramide generation but does inhibit
ceramide analogue-induced apoptosis (47). Given the ability of Bcl-2 to block protease
activation through inhibition of cytochrome c release from the mitochondria (36,37), the
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increased Bcl-2 and decreased Bax expression in MCF-7 L cells accounts for the delayed
activation of PARP specific caspases but not the suppressed generation of ceramide.

Our results suggest a potential molecular basis for differences in susceptibility to
apoptosis among MCF-7 breast cancer cell variants. The increased generation of ceramide
in the most apoptosis-sensitive variant (MCF-7 N) may account for their response to TNF-
o as compared to the anti-proliferative action of TNF-« in the less apoptosis-sensitive
variants (MCF-7 M and L). This decreased ceramide generation may be in part due to
decreased expression of the TNFR1 as in the MCF-7 M cells or possibly to an alteration in
the ability of TNF-o to activate sphingomyelinases as may be the case in MCF-7 L cells.

In MCE-7 cells ceramide generation is early and transient suggesting its sphingomyelinase
activation is not a result of the apoptotic process but an early signaling intermediate. Game
et. al. implicated CPP32/ caspase-3 in regulation of Fas induced- but not in TNF-a-
induced ceramide generation (48). Additionally it was shown that REAPER-induced
ceramide generation occurring at 1 hour or later is blocked by an ICE-like protease inhibitor
(49). We cannot rule out the possibility that ceramide generation may be mediated by
events subsequent to FLICE/MACH 1/caspase-8 or early capase-dependent activation. In
summary our data indicate that the sensitivity of MCF-7 cells to apoptosis induced by TNF-
o and other agents differs depending on the origin of the cells. Given the extensive use of
MCEF-7 cells as an ER+ breast cancer model and as a system for studying apoptotic
signaling, the constitutive expression and regulation of apoptotic signaling molecules is
therefore an important consideration.
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CONCLUSIONS

To investigate the role of environmental estrogens in breast cancer cell apotosis we began
by utilizing the estrogen responsive MCF-7 breast cancer cell line. However, discrepincies
in the literature, alluded to in the introduction, lead us to believe that differences in MCF-7
cell lines from laboratory to laboratory may exist in terms of estrogenicity as well as
responsiveness to apoptosis. These differences may represent a source of variability
among research from lab to lab depending on the the particular variant of MCF-7 cell used.
Using MCF-7 cell line variants from three well established sources we initially assesed the
responsiveness of these cells to TNF-induced apotosis and then investigated the molecular
differences which accounted for variations in responsiveness to apoptosis. We felt the
work was important to properly establish and characterize our model system and because of
the differences identified we have submitted the work shown in figures one through eight
as a manuscript to Cancer Research.

Subsequent to the identification of the MCF-7N variant as an ER+, apoptotically
sensitive breast cancer cell line, we assesed the role that estrogens play in suppression of
TNF-induced cell death in these cells. Our results indicate that exposure of these cells to
environmental estroge, and the endogenous estrogen 17-B-estradiol results in an increased
expression of the anti-apototic protein Bcl-2 and concurrent suppression of TNF-induced
apoptosis. These findings suggest that, consitent with previous studies, estrogenic
compounds may suppress apotosis through an increase in expression of Bcl-2. We are
pursuing the third specific aim of this grant by overexpressing Bcl-2 in MCF-7N cells and
subsequently examining the effects on TNF- and chemotherapeutic drug-induced
apoptosis.

21



v U

REFERENCES

10.

11.

12.

13.
14.

15.

Soule, H., Vazquez, J., Long, A., Albert, S., and Brennan, M. A human cell line
from a pleural effusion derived from a breast carcinoma. J. Natl. Cancer Ins.,

51: 1409-1413, 1973.

Levenson, A. S., and Jordan, V. C. MCF-7: The first hormone-responsive breast
cancer cell line. Cancer Res., 57: 3071-3078, 1997.

Osbourne, C.K., Hobbs, K., and Trent, J.M. Biological differences among MCF-
7 human breast cancer cell lines from different laboratories. Breast Cancer Res.
Treat., 9: 111-121, 1987.

Klotz, D.M., Castles, C.G., Fuqua, S.A.W., Spriggs, L.L., and Hill, S.M.
Differential expression of wild-type and varient ER mRNAs by stocks of MCF-7
breast cancer cells may account for differences in estrogen responsiveness.
Biochem. Biophys. Res. Commun., 210: 609-615, 1995.

Villalobos, M., Olea, N., Brotons, J.A., Olea-Serrano, M.F., Ruiz de
Almodovar, .M., and Peraza, V. The E-screen assay: a comparison of different
MCEF-7 cell stocks. Environmental Health Perspectives, 103: 844-850, 1995.
Kiguchi, K., Glense, D., Chubb, C.H., Fujiki, H., and Huberman, E. Differential
induction of apoptosis in human breast tumor cells by okadaic acid and related
inhibitors of protein phosphatases 1 and 2A. Cell Growth & Differ., 5: 995-1004,
1994,

Tewari, M., and Dixit, V.M. Fas- and tumor necrosis factor-induced apotosis is
inhibited by the poxvirus crmA gene product. J. Biol. Chem., 270: 3255-3260,
1995.

Chinnaiyan, A.M., Tepper, C.G., Seldin, M.F., O’Rourke, K., Kischkel, F.C.,
Hellbardt, S., Krammer, P.H., Peter, M.E., and Dixit, V.M. FADD/MORT] is a
common mediator of CD95 (Fas/APO-1) and tumor necrosis factor receptor-
induced apoptosis. J. Biol. Chem., 271: 4961-4965, 1996

Liu, Y., Lee, M., Wang, H., Li, Y., Hashimoto, Y., Klaus, M., Reed, J.C.,

and Zhang, X.K. Retinoic acid receptor  mediates the growth inhibitory effect of
retinoic acid by promoting apoptosis in human breast cancer cells. Mol. Cell. Biol.
16: 1138-1149, 1996.

Elstner, E., Linker-Israeli, M., Said, J., Umeil, T., de Vos, S., Shintaku, L.P.,
Heber, D., Binderup, L., Uskokovic, M., and Koeffler, H.P. 20-epi-vitamin D,
analogues: a novel class of potent inhibitors of proliferation and inducers of
differentiation of human breast cancer cell lines. Cancer Res., 55: 2822-2830,
1995.

James, S.Y., Mackay, A.G., and Colston, K.W. Vitamin D derivatives in
combination with 9-cis retinoic acid promotes active cell death in breast cancer cells.
J. Mol.Endocrinol., 14: 391-394, 1995.

Perry, R.R., Kang, Y., and Greaves, B. Effects of tamoxifen on growth and
apoptosis of estrogen-dependent and -independent human breast cancer cells. Ann.
Surg. Oncol., 2: 238-245, 1995.

Wang, T.T.Y., and Phang, J.JM. Effects of estrogen on apoptotic pathways in
human breast cancer cell line MCF-7. Cancer Res., 55: 2487-2489, 1995.
Kyprianou, N., English, H.F., Davidson, N.E., and Isaacs, J.T. Programmed cell
death during regression of the MCF-7 human breast cancer following estrogen
ablation. Cancer Res., 51: 162-166, 1991.

Blagosklonny, M.V., Schulte, T., Nguyen, P., Trepel, J., and Neckers, L.M.
Taxol-induced apoptosis and phosphorylation of Bcl-2 protein involves c-Raf-1 and
represents a novel c-Raf-1 signal transduction pathway. Cancer Res., 56: 1851-
1854, 1996.

22



» U

16.

17.

18.
19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.
30.
31.

32.
33.
34.
35.

Jeoung, D., Tang, B., and Sonenberg, M., Effects of tumor necrosis factor-a on
antimitogenicity and cell cycle-dependent proteins in MCF-7 cells. J. Biol. Chem.,
270: 18367-18373, 1995.

Cai, Z., Bettaieb, A., Mahdani, N.E., Legres, L.G., Stancou, R., Masliah, J.,
and Chouaib, S. Alteration of the sphingomyelin/ceramide pathway is associated
with resistance of human breast carcinoma MCEF-7 cells to tumor necrosis factor-o-
mediated cytotoxicity. J. Biol. Chem., 272: 6918-6926, 1997.

Belizario, J.E., Tilly, J.L., and Sherwood, S.W. Caffeine potentiates the lethality
of tumor necrosis factor in cancer cells. Br. J. of Cancer, 67: 1229-1235, 1993.
Malorni, W, Rainaldi, G., Tritarelli, E., Rivabene, R., Cianfriglia, M., Lehnert,
M., Donelli, G., Peschele, C., and Testa, U. Tumor necrosis factor o is a
powerful apoptotic inducer in lymphoid leukemia cells expressing p-170
glycoprotein. Int. J. Cancer, 67: 238-247, 1996.

Kean, M.M., Ettenberg, S.A., Lowrey, G.A., Russell, E.K., and Lipkowitz, S.
Fas expression and function in normal and malignant breast cell lines. Cancer
Res., 56: 4791-4798, 1996.

Tang, P., Hung, M., and Klostergard, J. TNF cytotoxicity: effects of HER-2/neu
expression and inhibitors of ADP-ribosylation. Lymphokine and Cytokine Res.,
13: 117-123, 1994.

Vandenabeele, P., Declercq, W., Beyaert, R., and Fiers, W. Two tumor necrosis
factor receptors: structure and function. Trends in Cell Biology, 5: 392-399, 1995.
Nagata, S. Apoptosis by death factor. Cell 88: 355-365, 1997.

Hsu, H., Xiong, J., and Goeddel, D.V. The TNF receptor 1-associated protem
TRADD signals cell death and NK-kB activation. Cell: 495- 504, 1995.

Hsu, H., Huang J., Shu, H.-B., Baichwal, V., and Goeddel, D.V. TNF-
dependent recruitment of the protein kinase RIP to the TNF receptor-1 signaling
complex. Immunity 4: 387-396, 1996.

Hsu, H., Shu, H.-B., Pan, M.-G., and Goeddel, D.V. TRADD-TRAF2 and
TRADD-FADD interactions define two distinct TNF receptor 1 signal transduction
pathways. Cell 84: 299-308, 1996.

Muzio, M., Chinnaiyan, A.M., Kischkel, F.C., O’Rourke, K., Shevchenko, A.,
Ni, J., Scaffidi, C., Bretz, J.D., Zhang, M., Gentz, R., Mann, M., Krammer
P.H., Peter ME, and Dixit, VM. FLICE, a novel FADD- homologous
ICE/CED-3-like protease, is recruited to the CD95 (FAS/APO-1) death-inducing
signaling complex. Cell 85: 817-827, 1996.

Boldin, M.P., Goncharov, T.M., Goltsev, Y.V., and Wallach, D. Involvement of
MACH, a novel MORT 1/FADD-interacting protease, in Fas/APO-1- and TNF
receptor-induced cell death. Cell 85: 803-815, 1996.

Hannun, Y.A. Functions of ceramide in coordinating cellular responses to stress.
Science 274: 1855-1859, 1996.

Pefia, L.A., Fuks, Z., and Kolesnick R. Stress-induced apoptosis and the
sphingomyelin pathway. Biochemical Pharmacolgy 53: 615-621, 1997.
Wiegmann, K., Schiitze, S., Machleidt, T., Witte, D., and Kronke, M. Functional
dichotomy of neutral and acidic sphingomyelinases in tumor necrosis factor
signaling. Cell 78: 1005-1015, 1994.

Nicholson, D.W., and Thornberry, N.A. Caspases: killer proteases. Trends in
biochemical science 22: 299-306, 1997.

Cohen, G.M. Caspases: the executioners of apoptosis. Biohem J. 326: 1-16,
1997.

Reed, J.C. Regulation of apoptosis by Bcl-2 family of proteins and its role in
cancer and chemoresistance. Curr. Opin. Oncol., 7: 541-546, 1995.

Korsmeyer, S.J. Regulators of cell death. Trends in genetics, 11: 101-105, 1995.

23



R L I

36.
37.
38.
39.
40.

41.
42.

43.
44.
45.

46.

47.
48.
49.

50.
51.

Yang, J., Liu, X., Bhalla, K., Kim, C.N., Ibrado, AM,, Cai, J., Peng, T,
Jones, D.P., and Wang, X. Prevention of apoptosis by Bcl-2: release of
cytochrome ¢ from mitochondria blocked. Science, 275: 1129-1132, 1997.

Kluck, R.M., Bossy-Wetzel, E., Green, D.R., and Newmeyer, D.D. The release
of cytochrome ¢ from mitochondria: a primary site for Bcl-2 regulation of
apoptosis. Science, 275: 1132-1136, 1997.

Subramanian, T., Tarodi, B., and Chinnadurai. p53-independent apoptotic and
necrotic cell deaths induced by adenovirus infection: suppression by E1B 19K

and Bcl-2 proteins. Cell Growth and Differentiation, 6: 131-137, 1995.

Young, LT. Proof without prejudice: Use of the the Koglomorov-Smirnov test for
the analysis of histograms for flow systems and other sources. J. Histochem.
Cytochem. 25: 935-941, 1977

Clejan, S., Dotson, R.S., Wolf, E-W., Corb, M.P., and Ide, C.F. Morphological
differentiation of N1E-115 neuroblastoma cells by dimethyl sulfoxide activation of
lipid second messengers. Exp. Cell Res. 224: 16-27, 1996

Pagliacci, M.C., Fumi, G., Migliorati, G., Gingnani, F., Riccardi, C., and
Nicoletti, I. Cytostatic and cytotoxic effects of tumor necrosis factor o on MCF-7
human breast tumor cells are differentially inhibited by glucocorticoid hormones.
Lymphokine and Cytokine Res., 12: 439-447, 1993.

Vanhaesebroeck, B., Reed, J.C., De Valck, D., Grooten, J., Miyashita, T.,
Tanaka, S., Beyaert, R., Frans, V. R., and Fiers, W. Effect of bcl-2 proto-
oncogene expression on cellular sensitivity to tumor necrosis factor-mediated
cytotoxicity. Oncogene, 8: 1075-1081, 1993.

Jaattela, M., Benedict, M., Tewari, M., Shayman, J.A., and Dixit, V.M. Bcl-x
and Bcl-2 inhibit TNF and fas-induced apoptosis and activation of phospholipase
A2 in breast carcinoma cells. Oncogene, 10: 2297-2305, 1995.

Sumantran, V.N., Ealovega, M.W., Nunez, G., Clarke, M.F., and Wicha, M.S.
Overexpression of Bcl-X sensitizes MCF-7 cells to chemotherapy-induced
apoptosis. Cancer Res., 55: 2507-2510, 1995.

Wagener, C., Bargou, R.C., Daniel, P.T., Bommer, K., Mapara, M.Y., Royer,
H.D., and Dorkken, B. Induction of the death-promoting gene Bax-o sensitizes
cultured breast cancer cells to drug induced apoptosis. Int J. Cancer, 67: 138-141.
1996.

Bargou, R.C., Wagner, C., Bommert, K., Mapara, M.Y., Daniel, P.T., Arnold,
W., Dietel, M., Guski, H., Feller, A., Royer, H.D., and Dorken, B.
Overexpression of the death-promoting gene bax-o. which is downregulated in
breast cancer restores sensitivity to different apoptotic stimuli and reduces tumor
growth in SCID mice. J. Clin. Invest., 97: 2651-2659, 1996.

Zhang, J., Alter, N., Reed, J.C., Borner, C., Obeid, L.M., and Hannun, Y.A.
Bcl-2 interrupts the ceramide-mediated pathway of cell death. Proc. Natl. Acad.
Sci. USA 93: 5325-5328, 1996.

Gamen, S., Marzo, L., Anel, A., Pifieiro, A., and Naval, J. CPP32 inhibition
prevents Fas-induced ceramide generation and apoptosis in human cells. FEBS lett.
390: 233-237, 1996.

Pronks, P.J., Ramer, K., Amiri, P., and Williams, L.T. Requirement of an ICE-
like protease for induction of apoptosis and ceramide generation by REAPER.
Science 271: 808-810, 1996.

Kyprianou N., and Isaacs J.T. Activation of Programmed Cell Death in the Rat
Ventral Prostate After Castration. Endocrinology 122: 552-562, 1988.

Ferguson D.J.P., and Andeson T.J. Morphological Evaluation of Cell Turnover in
Relation to the Menstrual Cycle in the “Resting” Human Breast. Brit. J. Cancer 44:
177-181, 1981. :

24




Ty e

52.
53.

54.
55.

56.
57.
58.
59.
60.
61.

62.

63.
64.

65.
66.
67.

68.

69.

Strange R., Li F., Saurer S., Burkhardt A., and Friis R.R. Apoptotic Cell Death
and Tissue Remodelhng Durmg Mouse Mammary Gland Involution. Development
115: 49-58, 1992.

Kyprianou N English H.F., Davidson N.E., Isaacs J.T. Programmed Cell Death
During Regress10n of the MCF-7 Human Breast Cancer Following Estrogen
Ablation. Cancer Research 51: 162-166, 1991.

Wang T.T.Y., Phang J.M. Effects of Estrogen on Apoptic Pathways in Human
Breast Cancer Cell Line MCF-7. Cancer Research 55: 2487-2489, 1995.

Teixeira C., Reed J.C., Pratt M.A.C. Estrogen Promotes Chemotherapeutic Drug
Resistance by a Mechanism Involving Bcl-2 Proto-Oncogene Expression in Human
Breast Cancer Cells. Cancer Research 55: 3902-3907, 1995.

Wolff. M.S., Toniolo P.G., Lee E.C., Rivera M., and Dubin N. Blood Levels of
Organochlorine Residues and Risk of Breast Cancer. J. Nat’l. Cancer Inst. 85:
648, 1993.

Dewailly E., Dodin S., Verreault R., Ayotte P., Sauve L., Morin J., and Brisson
J. High Organochlorine Body Burden in Women With Estrogen Receptor-Positive
Breast Cancer. J. Nat’l. Cancer Inst. 86: 232-234, 1994.

Krieger N.J., Wolff M.S., Hiatt R.A., Rivera M., Vogelman J., and Drentreich N.
Breast Cancer and Serum Organochlorines: a Prospective Study Among White,
Black and Asian Women. J. Nat’l. Cancer Inst. §6: 589-599, 1994.

Pereira W.E., and Rostad, C.E. Occurrence, Distributions, and Transport of
Herbicides and Their Degradation Products in the Lower Mississippi River and its
Tributaries. Environ. Sci. Technol. 42: 1400, 1990.

Colborn T., vom Saal F.S., and Soto A.M. Developmental Effects of Endocrine-
Disrupting Chemicals in Wildlife and Humans. Environ. Health Perspect. 101:
378, 1993.

Soto A.M., Chung K.L., and Sonneschein C. The Pestisides Endosulfan,
Toxaphene and Dieldrin Have Estrogenic Effects on Human Estrogen-Sensitive
Cells. Environ. Health Perspect. 102: 380, 1994.

Soto A.M., Sonneschein C., Chung K.L., Fernandez M.F., Olea N., Serrano
F.O. The E-SCREEN Assay as a Tool to Identify Estrogens: An Update on
Estrogenic Environmental Pollutants. Environ. Health Perspect. 103(suppl. 7):
113-122, 1995.

Tsujimoto Y., Croce C. Analysis of the Structure, Transcripts, and Protein
Products of bcl-2, the Gene Involved in Human Follicular Lymphomas. Proc.
Natl. Acad. Sci. USA 83: 5214-5218, 1986.

Vaux D.L., Cory S., Adams J.M. Bcl-2Gene Promotes Haematopoetic Cell
Survival and Co-operates with c-myc to Immortalize Pre-B-cells. Nature 335:
440-442, 1988.

Hockenberry D.M. bcl-2 in Cancer, Development and Apoptosis. J. of Cell
Science suppl.18: 51-55, 1994.

Reed J.C. Bcl-2: Prevention of Apoptosis as a Mechanism of Drug Resistance.
Hematology/Oncology Clinics of North America 9(2): 451-473, 1995.

Gee J.M.W., Robertson J.F.R., Ellis 1.O., Willsher P., McClelland R.A., Hoyle
H.B., Kyme S.R., Finlay P., Blamey R.W., and Nicholson R.I.
Immunocytochemical Localization of Bcl-2 Protein in Human Breast Cancers

and its Relationship to a Series of Prognostic Markers and Response to Endocrine
Therapy. Int. J. Cancer 59:619-628, 1994.

Boise L.H., Gonzalez-Garcia M., Postema C.E., DingL., Lindsen T., Turka L.A.,
Mao X., Nunez G., Thompson C.B. Bcl-x a Bcl-2-related Gene that Functions as
a Dominant Regulator of Apoptotic Cell Death. Cell 74: 597-608, 1993.

Kozopas K.M., Yang T., Buchan H.L., Zhou P., Craig R.W. Mcl-1, a Gene
Expressed in Programmed Myeloid Cell Differentiation has Sequence Similarities
to bcl-2. Proc. Natl. Acad. Sci. USA 90: 3516-3520, 1993.

25




A4

70.

71.

72.

73.

Takayama S., Sato T., Krajewski S., Kochel K., Irie S., Millian J.A., Reed J.C.
Cloning and Functional Analysis of Bag-1: a Novel Bcl-2 Binding Protein with
Anti-cell Death Activity. Cell 80: 279-284, 1995.

Oltiva Z.N., Milliman C.L., Korsmeyer S.J. Bcl-2 Heterodimerizes in vivo with a
Conserved Homolog, BAX, that Accelerates Programmed Cell Death. Cell 74:
609-619. 1993.

Yang E., Zha J., Jockel J., Boise J.H., Thompson C.B., Koesmeyer S.J. Bad, a
Heterodimeric Partner for Bcl-x, and Bcl-2, Displaces Bax and Promotes Cell
Death. Cell 80: 285-291, 1995.

Chittenden T., Harrington E.A, O’Connor R., Flemington C., Lutz R.J., Evan
G.I, Guild B.C. Induction of Apoptosis by by the bcl-2 Homolog Bak. Nature
374: 736-739, 1995.

26




